ABSTRACT: Eschewing the common trend toward use of catalysts composed of Cu, it is reported that PdZn alloys are active for CO 2 hydrogenation to oxygenates. It is shown that enhanced CO 2 conversion is achievable through the introduction of Brønsted acid sites, which promote dehydration of methanol to dimethyl ether. We report that deposition of PdZn alloy nanoparticles onto the solid acid ZSM-5, via chemical vapor impregnation affords catalysts for the direct hydrogenation of CO 2 to DME. This catalyst shows dual functionality; catalyzing both CO 2 hydrogenation to methanol and its dehydration to dimethyl in a single catalyst bed, at temperatures of >270°C. A physically mixed bed comprising 5% Pd 15% Zn/TiO 2 and H-ZSM-5 shows a comparably high performance, affording a dimethyl ether synthesis rate of 546 mmol kg cat −1 h −1 at a reaction temperature of 270°C .
■ INTRODUCTION
Methanol is ubiquitous within the chemical industry, with global demand exceeding 57 Mt/annum. The majority of this is met through a two-step process whereby synthesis gas is produced via methane steam reforming and then reacted over a Cu/ZnO/Al 2 O 3 catalyst to prepare methanol. The energy consumption of this process is estimated to exceed 1 exajoule (1 × 10 18 J)/annum globally, with a significant carbon footprint (ca. 88 Mt GHG eq). 1 In line with political and social pressure to decrease society's dependence on fossil fuels, there is growing interest in producing methanol through more sustainable routes. One promising route is catalytic CO 2 hydrogenation. The process, however, is restricted by thermodynamic equilibrium; with the reverse water gas shift reaction (RWGS) dominating the reaction at high temperatures. Indeed, methanol is thermodynamically favored at lower temperatures. Unfortunately, because of the relatively low reactivity of CO 2 , high reaction temperatures and/or pressures are required for its activation. To maximize yields of valueadded products, it is important that CO 2 hydrogenation be carried out near equilibrium. One approach toward circumventing RWGS at elevated reaction temperatures is removal of the product, methanol, from the catalytic system. This can be achieved through dehydration to dimethyl ether (DME), typically over a solid acid catalyst. DME is a key feedstock for production of methylating agents for organic synthesis. 2 DME has also been identified as an environmentally friendly fuel, with low associated emissions of NO x , hydrocarbons, CO and SO x . 3 Through the methanol to gasoline (MTG) process, methanol is catalytically converted to yield an equilibrium mixture containing methanol, DME and water. This is then converted to hydrocarbons. 4 Being both exothermic and reversible, methanol dehydration is subject to thermodynamic limitation, though effectively not so under methanol synthesis conditions. 4 Integrating methanol dehydration into CO 2 hydrogenation reaction systems might increase hydrogenation yields, by intercepting the methanol through dehydration to DME, therefore shifting the reaction equilibrium toward methanol formation.
Bifunctional or hybrid catalysts have previously been reported to yield DME through CO 2 hydrogenation, typically consisting of a physical mixture of a traditional Cu-based methanol synthesis catalyst and solid acid catalyst. 5, 6 Indeed, most of the studies have focused upon modification of industrial Cu catalysts, with an aim to increase methanol and DME productivities. Physical mixing of methanol synthesis and solid acid catalysts in this way has been reported to afford higher system productivities than where catalysts are spatially segregated as dual fixed beds. 7 Thermodynamic constraints occurred upon separation of methanol synthesis and acid catalysts, with rates limited by methanol synthesis from CO 2 .
Modification of alumina with niobium has been reported to strongly decrease surface basicity, while slightly increasing its acidity. 8 It is therefore necessary to find a balance between surface basicity and acidity, achieved through optimizing the niobium content. Similarly, it has been reported that physical mixing of Cu-catalysts with γ-Al 2 O 3 affords DME as a major product. 9 The solid acid-catalyzed dehydration of methanol to DME has been reported for γ-alumina as well as aluminosilicates and molecular sieves such as ZSM-5, 10 ferrierite 11 and mordenite. 12 Zeolites are unique aluminosilicate materials, offering bidimensional structures, a range of pore sizes and both Brønsted and Lewis surface acidities. Modification of the pore size, acidity and microporous and/or mesoporous structures of zeolite catalysts has been shown to significantly impact upon rates of methanol dehydration. 13 H-ZSM-5 and γ-Al 2 O 3 have been used extensively as catalysts for this reaction, with H-ZSM-5 favored due to its relative stability in the presence of water.
14 The hydrophobic/hydrophilic properties of H-ZSM-5 are dependent on the SiO 2 /Al 2 O 3 ratio and are therefore controllable, with hydrophobic, siliceous isomorphs shown to be less prone to water-mediated deactivation. 15 Additionally, though both Al 2 O 3 and H-ZSM-5 possess Lewis acid sites, H-ZSM-5 also contains Brønsted acid sites, which are favorable for methanol dehydration. Juxtaposed with this, however, is the tendency for highly acidic sites within solid acids to promote coke deposition and thereby catalyst deactivation. 16 Twodimensional zeolite frameworks offer lower resistance to the diffusion of methanol from surface sites on the methanol synthesis catalyst to acid sites on the solid acid catalyst. 17 Additionally, it has been reported that a strong interaction between methanol synthesis and acid catalysts is also important. For example, Cu/ZnO/ZrO supported on a lamellar ferrierite framework showed improved mass transport of methanol into zeolite cavities. 12 Encapsulation of nanoparticles within the pores of a zeolite can also prevent high temperature sintering of nanoparticles during catalytic reactions. 18−20 However, this method can also restrict access of substrates to active sites within micro/mesopores. 20 Therefore, to achieve high DME selectivity, low catalyst acidity would be favorable, limiting formation of coke and byproducts. However, this would, in turn, lower dehydration rates, which are acid site-dependent. 16, 21, 22 It has previously been reported that PdZn alloy nanoparticles are active catalysts for the hydrogenation of CO 2 to methanol. Deposition of PdZn onto TiO 2 using solvent-free chemical vapor impregnation (CVI) formed PdZn nanoparticles with a narrow size distribution, which was shown to be beneficial for methanol productivities. 23, 24 Activity was shown to be limited by the thermodynamic equilibrium, when reactions were carried out at a temperature of 250°C. In the current study, dual component, physically mixed catalyst beds are employed. These comprise PdZn/TiO 2 and either H-ZSM-5 or γ-Al 2 O 3 , with an aim to capture methanol through dehydration to DME. The performance of mixed catalyst beds are then compared with that of PdZn supported directly onto H-ZSM-5 and parametric conditions studied to achieve optimal oxygenate yields. −3 bar). Following this, the mixture was heated to 145°C. After 1 h, the resulting precatalyst was recovered and then calcined in static air (500°C, 16 h, 10°C min −1 ). For characterization studies, a portion of catalyst was subsequently reduced ex situ in a flow of 5% H 2 /Ar (10 mL min −1 , 400°C, 1 h). For mixed catalyst beds, the required masses of hydrogenation catalyst (5% PdZn(1:5)/TiO 2 ) and solid acid catalyst (γ-Al 2 O 3 (Alfa Aesar) or H-ZSM-5) at 1:1 weight ratios were ground together using pestle and mortar prior to pelleting and sieving ∼425−500 μm.
Catalysts were characterized using a range of techniques. Powder X-ray diffraction (XRD) patterns were collected at room temperature using an Enraf Nonus FR590 diffractometer fitted with a hemispherical analyzer, using Cu Kα radiation (l 1/4 1.54 A). X-ray photoelectron spectra (XPS) were recorded on a Kratos Axis Ultra-DLD XPS spectrometer with a monochromatic Al Kα source (75−150 W) and analyzer pass energies of 160 eV (for survey scans) or 40 eV (for detailed scans). Samples were mounted using a double-sided adhesive tape and binding energies referenced to the C (1s) binding energy of adventitious carbon contamination that was taken to be 284.7 eV. Data were analyzed using Casa XPS software. To provide detailed morphological and compositional information at micro and nanoscales, samples were analyzed on a JEOL 2100 (LaB6) high-resolution transmission electron microscopy (HRTEM) system fitted with a high-resolution Gatan digital camera (2k 2k) and a dark held HAADF/Z-contrast detector. Samples were suspended in DI water and ca. 1 μL was added to the TEM grid and dried. Lattice d-spacing's were determined using Digital Micrograph software. NH 3 -TPD was carried out using a CHEMBET TPR/TPD chemisorption analyzer, Quantachrome Industries fitted with a TCD. 50 mg of sample was pretreated for 1 h at 130°C (15°C min −1 ) in a flow of helium (80 mL min −1 ). The sample was then cooled to ambient temperature and ammonia flowed through for 20 min to ensure saturation. The system was then heated 1 h at 100°C (15°C min ) to remove physisorbed ammonia. Subsequently, chemisorbed ammonia was desorbed by heating to 900°C (15°C min
) in a flow of helium (80 mL min −1 ) during which period desorbed ammonia was monitored using a TCD, current 180 mV, attenuation 1. N 2 isotherms were collected on a Micromeritics 3Flex. Samples (ca. 0.050 g) were degassed (150°C, 6 h) prior to analysis. Analyses were carried out at 77 K with P 0 measured continuously. Free space was measured post-analysis with He. Pore size analysis was carried out using Micromeritics 3Flex software, N 2 -Cylindrical Pores-Oxide Surface Model.
CO 2 Hydrogenation Reactions. Catalytic assessments for CO 2 hydrogenation were carried out in a fixed-bed continuousflow reactor. All quoted gas flows are at STP. The pelleted catalyst (0.5 g, 425−500 μm) was placed without diluent into a stainless tube reactor with internal diameter of 0.5 cm and length 50 cm. Prior to testing, catalysts were prereduced in situ in a flow of H 2 gas (30 mL min −1 , 1 atm, 400°C, 1 h) and then cooled to room temperature. The system was then pressurized to 20 bar with reactant gas (1 CO 2 :3 H 2 :1 N 2 molar ratios),
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Article heated to 250°C and reaction was carried out for 14 h. A standard reaction gas flow rate of 30 mL min −1 was used throughout (GHSV = 3500 h −1 ). To avoid product condensation, postreactor lines and valves were heated at 130°C
. Products were analyzed via online gas chromatography using an Agilent 7890 system fitted with both FID and TCD detectors. Nitrogen was used as an internal standard. DME selectivity was calculated based on the following equation:
Catalyst Characterization. X-ray Diffraction. A detailed characterization study was previously reported for 5% PdZn/ TiO 2 . 23 This catalyst showed stable steady state performance over 24 h online, with high CO 2 conversion (χ = 10.1) and appreciable methanol selectivity (S MeOH = 40%, 1730 mmol kg cat
) at a temperature of 250°C and 20 bar reaction pressure. 23 To determine whether this catalyst could function as the CO 2 hydrogenation catalyst in a mixed catalyst bed, binary composites were prepared using the solid acids: γ-Al 2 O 3 and H-ZSM-5 (30). For comparison, 5% PdZn/ZSM-5 (30) was prepared via chemical vapor impregnation, CVI method. Following impregnation with Pd and Zn acetylacetonate precursors by CVI, all catalysts were calcined in air (16 h, 500°C). Following this, the XRD diffractogram for 5% PdZn/ ZSM-5 ( Figure 1a ) is comparable to that of the H-ZSM-5 support (JCPDS 44-0003), with the addition of a peak at 34°. This consistent with formation of a ZnO phase (JCPDS 36-1451). 25 Following reduction of this catalyst (400°C, 3 h, 5% H 2 /Ar) the ZnO diffraction peak at 34°becomes narrower and decreases in intensity (Figure 1d ). Formation of a PdZn alloy is indicated by peaks at 40°and 44°, corresponding to PdZn(111) and PdZn(200) crystal planes. 26, 27 This indicates the reduction of ZnO at an interface with Pd to form the PdZn alloy, possibly promoted via hydrogen spillover from Pd sites. N 2 Physisorption. N 2 physisorption analyses were carried out on unmodified H-ZSM-5 (following calcination in air at 500°C, 16 h) and 5% PdZn/ZSM-5 both prior to and following catalyst assessment. N 2 adsorption isotherms and BET plots are shown in Figure 2 .
A decrease in BET surface area was observed following deposition of Pd and Zn onto H-ZSM-5 (30) . This equated to a 16.5% decrease in surface area, which might be attributed to the total metal loading of Pd/Zn, which equaled 20 wt %. A corresponding decrease in micropore volume was also observed, from 0.163 to 0.131 cm 3 g −1 ( . Given the sample preparation conditions, it is unlikely that this decrease in surface area/pore volume is due to product retention within the zeolite pores. Alternately, this this physical change might be attributed to coking of the acidic zeolite catalyst during dehydration of methanol to DME, which is well documented; 28, 29 however, TGA analysis in air of fresh and used catalysts showed no significant mass loss attributable to combustion of carbonaceous residues ( Figure S1 ).
X-ray Photoelectron Spectroscopy. XPS allowed for surface-specific analysis of the supported catalysts, to confirm formation of PdZn alloy nanoparticles on ZSM-5. Following annealing in air, the XPS spectrum ( Figure 3ai ) shows a clear Pd 3d peak at 337 eV, indicating the presence of PdO on the surface. 30 Subsequent annealing in hydrogen at 400°C led to a pronounced peak shift toward lower binding energies ( Figure  3aii ), indicating changes in the PdO electronic properties and formation of a PdZn alloy. 31, 32 This was further supported by Zn LMM Auger electron spectra, which show a peak at 995 eV in Figure 3bii following reductive heat treatment. Though this peak was previously identified as metallic Zn species on the surface, 33, 34 in the case of this catalyst a more plausible explanation is formation of a PdZn alloy. 23 Transmission Electron Microscopy. TEM was used to determine the particle size distribution of PdZn nanoparticles in 5% PdZn/TiO 2 , 5% PdZn/ZSM-5 (30) and physically mixed 5% PdZn/TiO 2 /ZSM-5 catalysts. Micrographs representative of the catalysts prior to and following catalyst assessment for CO 2 hydrogenation are shown in Figure 4 . Following heat treatment at 400°C in H 2 /Ar, 5% PdZn/TiO 2 shows an average PdZn diameter of 3.9 nm (Figure 4a) . This catalyst was then pelleted with H-ZSM-5 (30) to form a composite catalyst, prior to testing in CO 2 hydrogenation. The used catalyst was recovered and analyzed by TEM. No change in average PdZn particle size was observed, with the mean particle size maintained at 3.9 nm (Figure 4b) .
TEM micrographs representative of 5% PdZn/ZSM-5 (30) following annealing in hydrogen at 400°C show a homogeneous distribution and average PdZn diameter of 5.5 nm (Figure 4c ). This was observed to increase to 6.1 nm following catalytic assessment (270°C, 20 bar, 14 h) ( Figure  4d ). Identification of supported nanoparticles as being PdZn alloy was confirmed through HRTEM analysis of 5% PdZn/ TiO 2 with measurement of lattice spacings ( Figure S2 ). 
Article Surface Acidity. Brønsted acidity is key in increasing oxygenated product yields through catalytic dehydration of methanol to DME. N 2 adsorption studies on PdZn/ZSM-5 catalyst indicated that coke forms upon the catalyst in situ. It should also be noted that the reaction yields 3 equiv H 2 O per 1 equiv DME formed from CO 2 and that dealumination of zeolites such as ZSM-5 can occur upon thermal treatment in the presence of H 2 O. To determine whether the acid properties of the ZSM-5 support undergo change during CO 2 hydrogenation, NH 3 -TPD analysis was carried out on PdZn/ZSM-5 both prior to and following catalytic testing. For comparison, H-ZSM-5 was also analyzed.
H-ZSM-5 (30) (Figure 5a ) presents two distinct NH 3 desorptions, centered at 280 and 440°C. The lower temperature desorption is attributed to adsorption at weak acid sites (Brønsted and Lewis) with the high temperature desorption unequivocally assigned to NH 3 chemisorbed at strongly acidic Brønsted sites.
35−37 Deposition of Pd(5 wt %) and Zn (15 wt %) onto the zeolite support effected a significant change in the NH 3 -TPD profile (Figure 5b ). Indeed, a clear decrease in peak intensity is observed for the desorption centered at 440°C. This suggests either exchange of cationic Pd/Zn species or blocking of acid sites by supported nanoparticles. Overlapping desorptions at temperatures of >500°C might be assigned to desorption of ammonia decomposition products from surface oxides, for example ZnO, which was observed in the XRD of this catalyst ( Figure  1a) . Indeed, such high temperature desorptions from ZnO have previously been attributed to desorption of NH n species, formed through dissociative adsorption of ammonia. 38 An increase in the low temperature desorption event following catalytic testing (Figure 5c ) could indicate formation of Lewis acid sites either during the catalyst pretreatment or CO 2 hydrogenation reaction. Meanwhile, the high temperature desorption profile in Figure 5c is comparable with that of the unused catalyst. Given that the XRD pattern exhibited a less intense peak for ZnO (Figure 1b) following testing, these data suggest that discrete ZnO nanoparticles might remain within the zeolite pores following catalytic testing. Previous studies have reported that dehydration of methanol to yield DME occurs at moderate-strength acid sites. 22 Catalytic Performance. The catalytic activity of PdZn catalysts in the simultaneous (i) hydrogenation of CO 2 to methanol and (ii) dehydration of methanol to DME was assessed at 270°C. Two approaches were taken, specifically (i) mixing of a 5% PdZn(1:5)/TiO 2 catalyst with solid acids (γ-Al 2 O 3 /ZSM-5) at 1:1 weight ratios and (ii) deposition of PdZn onto a Brønsted acidic solid acid support (ZSM-5). Table 2 shows steady state catalytic data obtained at 20 bar and a reaction temperature of 270°C. Optimal methanol yields have previously been reported at 250°C for 5% PdZn/TiO 2 , with 
Article high CO selectivities observed at temperatures of >250°C due to domination by RWGS. The same catalyst showed 13% CO 2 conversion and methanol/CO selectivities of 13% and 87% respectively at 270°C ( Table 2 , Entry 1). A significant shift in the product distribution was observed when 5% PdZn (1:5)/ TiO 2 was copelleted with solid acids, either Al 2 O 3 or ZSM-5 (30) ( Table 2 , Entries 2 and 3). For the latter, a decrease in CO 2 conversion to 11% was observed. Addition of ZSM-5 effected a significant increase in DME selectivity, which increased from 0.2% for 5% PdZn (1:5)/TiO 2 to 32%. This equated to a DME synthesis rate of ca. 667 mmol DME kg cat
. This shift in reaction selectivity clearly shows the ability of H-ZSM-5 (30) to catalyze the dehydration of methanol to DME. Addition of Al 2 O 3 also afforded an increase in DME selectivity, to 29% (527 mmol kg cat −1 h −1 ), with CO 2 conversion (14%) ( Table 2 , Entry 2). Impregnation of H-ZSM-5 (30) with PdZn via CVI provided information as to the importance of spatial separation of the active sites for CO 2 hydrogenation and methanol dehydration reactions. This catalyst was active for CO 2 hydrogenation (Table 2 , Entry 4), with far higher DME selectivity (30%) than was observed for the analogous 5% PdZn (1:5)/TiO 2 catalyst in Table 2 . This equated to a DME synthesis rate of 544 mmol kg cat 2 Conversion and DME Synthesis Rates. The rate of CO 2 hydrogenation is strongly dependent upon reaction temperature and pressure. Since the aim of this work is to achieve CO 2 hydrogenation under mild reaction conditions, the pressure was maintained at 20 bar as opposed to the 50 bar currently used in industrial methanol synthesis processes. Figure 6a shows the effect of 
Article varying the reaction temperature from 220 to 330°C at a constant 20 bar reactor pressure. All catalyst beds showed nominal activity at 220°C, affording ca. 3−4% CO 2 conversion. CO 2 conversion increases significantly at temperatures of >250°C . Figure 6b shows dimethyl ether production rates across the same range of reaction temperatures. 5% PdZn/ZSM-5 showed a steady state DME productivity of 356 mmol DME kg cat −1 h −1 at 220°C, which was higher than the rates observed over mixed catalyst beds. Increasing the reaction temperature to 250°C had a beneficial effect upon rates of DME formation, which may result from high methanol productivity on PdZn sites coupled with efficient methanol dehydration.
Between 250 and 270°C, physically mixed 5% PdZn/TiO 2 -ZSM-5 showed higher DME synthesis rates than 5% PdZn/ ZSM-5. Further increasing the temperature, to 330°C, led to significant decreases in DME productivity, despite increasing CO 2 conversion. This is the result of increased CO selectivities and ZSM-5-catalyzed conversion of methanol to C 2 compounds at 330°C. Table 3 shows steady state metrics for 5% PdZn/ ZSM-5 (30) at reaction temperatures of 220−330°C. Methanol and DME selectivity decrease with increasing Figure 6 . CO 2 conversion (a) and DME productivities (b) for (purple ▼) 5% PdZn/ZSM-5 and physically mixed composite catalyst beds containing 5% PdZn/TiO 2 and either (•) γ-Al 2 O 3 or (red ■ ) H-ZSM-5. Table 3 . Catalytic Performance of 5% PdZn/ZSM-5 (30) at Reaction Temperatures of 220−330°C a At 330°C, C 2 products were detected but not quantified. These are excluded from selectivity calculations. Comparison of steady state oxygenate yields (combined DME and MeOH yields/C-mol %) with theoretical equilibrium yields of (a) DME and (b) MeOH from CO 2 hydrogenation (also as C-mol %). (green ▲) PdZn/TiO 2 , (•) PdZn/TiO 2 -Al 2 O 3 , (red ■ ) PdZn/TiO 2 -H-ZSM-5 and (purple ▼) PdZn/ZSM-5, (--) equilibrium yield in C-mol %.
Article temperature. A corresponding increase in selectivity toward CO and methane was observed across the same range. Formation of C 2 hydrocarbons was observed at a reaction temperature of 330°C ; however, due to analytical constraints, these were not quantified in the current study. Hydrocarbons were therefore not considered when quantifying product selectivities and the carbon balance at 330°C. These observations do however indicate that Brønsted acidic PdZn catalysts are active for single-step conversion of CO 2 to hydrocarbons at 330°C.
The aim of coupling PdZn CO 2 hydrogenation and solid acid catalysts is to increase total oxygenate yields, especially at reaction temperatures of >250°C. Total oxygenate yields were calculated as a sum of DME yield (C-mol %) and MeOH yield (C-mol %) for PdZn catalysts. These were compared to (a) DME and (b) MeOH yields calculated at thermodynamic equilibrium in a previous study by Shen et al., which considered both CO 2 hydrogenation (to either MeOH or DME) and RWGS reactions 39 (note, literature equilibrium yields adjusted to P(H 2 :CO 2 3:1) = 16 bar to allow comparison with reaction data whereby a P(N 2 ) = 4 bar is employed as internal standard). As shown in Figure 7 , with increasing temperature (to 330°C) Total oxygenate yields (presented as C-mol %) over 5% PdZn/TiO 2 first increased and then decreased. The RWGS reaction comes to dominate the reaction, yielding CO. This might indicate that methanol undergoes high temperature oxidation to CO/H 2 on the TiO 2 surface. Previous TPD studies have reported that CH 3 OH undergoes decomposition to CO and H 2 O over TiO 2 at temperatures of ca. 300°C. 40 As shown in Figure 7 , the performance of all the catalysts was kinetically limited at low temperatures. Of the catalyst beds tested, 5% PdZn/TiO 2 -H-ZSM-5 shows the highest overall oxygenate yield at the lowest reaction temperature of 220°C. This suggests that the surface hydroxyl vacancies on TiO 2 facilitate low temperature CO 2 hydrogenation and the H-ZSM-5 further catalyzes methanol dehydration to DME. Addition of Brønsted acidity significantly improved oxygenate yields. Indeed, through addition of either Al 2 O 3 or ZSM-5 to PdZn/TiO 2 or deposition of PdZn directly onto ZSM-5, total oxygenate yields exceeded the theoretical equilibrium yields of MeOH at reaction temperatures of >250°C (Figure 7b ) and theoretical DME equilibrium yields at temperatures of >270°C (Figure 7a ). It should however be noted that the study by Shen et al. considered CO yields and either DME (Figure 7a ) or MeOH (Figure 7b ) yields, whereas reaction data (C-mol % yields) plots in Figure 7a ,b represent summed MeOH and DME yields.
Assessing the Stability of 5% PdZn/ZSM-5. The catalytic stability of 5% PdZn/ZSM-5 was assessed at steady state for 11 h at 270°C, 20 bar. As shown in Figure 8 , steady state conversion of CO 2 is maintained over 11 h of reaction. Product selectivities remain at steady state, affording ca. 30% DME selectivity and 65% CO selectivity at ca. 14% CO 2 conversion. Steady state methanol selectivity was 4.2% and the ratio of DME:CH 3 OH was maintained throughout the 11 h testing period, indicating that the water vapor formed in CO 2 hydrogenation and methanol dehydration reactions is not affecting an online deactivation of the catalyst.
■ DISCUSSION
The hydrogenation of CO 2 to methanol was previously reported for 5% PdZn/TiO 2 catalysts, with PdZn identified as the active site for methanol formation. 23, 24 It is clear from Figure 7 that through supporting of PdZn nanoparticles onto ZSM-5, it is possible to promote a higher yielding conversion of CO 2 to oxygenated products; methanol and DME. Conversion of CO 2 to DME has the added benefit of lowering the rate of the RWGS reaction at higher temperatures, with lower CO productivities observed than for 5% PdZn/TiO 2 catalysts. Increased methane productivities were observed over 5% PdZn/ZSM-5 however, when compared with 5% PdZn/TiO 2 . Methane is derived through direct methanation of either CO 2 or methanol. Though supported PdZn alloy species enhance methanol formation, regardless of the support used, deposition onto ZSM-5 yields bifunctionality, catalyzing formation of both methanol and subsequently DME. DME can be produced through either (i) direct hydrogenation of CO 2 to DME (eq 1) or (ii) hydrogenation of CO 2 to methanol with subsequent methanol dehydration (eqs 2−4). The general mechanism for methanol dehydration involves reaction between two methanol molecules and an acid catalyst (eq 4). Methanol dehydration follows two different routes, either (i) associative or (ii) methoxy-mediated dissociative that occurs on Brønsted acid sites, depending on the temperature and pressure of the catalytic system 41 that the preferred routes depend on the methanol pressure. 42 At high partial pressures of methanol, adsorbed methanol is stabilized through dimer formation. This dimer can itself undergo subsequent dehydration to form DME. With increasing methanol partial pressure, dissociation of the H-bonded methanol is reported to be less favorable due to this dimer formation. 42 The dehydration of methanol to DME may also yield methane and coke as byproducts, 43, 44 which could cause catalyst deactivation at long times on stream (≫11 h). Methanation occurs when methoxy species strongly bond to acidic surface sites, creating surface formates, which decompose to form CO, H 2 and CH 4 . 45 Relatively high CO 2 conversion and oxygenate productivities were observed for catalyst beds comprising of PdZn and solid acid catalysts. Indeed, all acidic catalyst beds show high productivities toward methanol and DME synthesis relative to PdZn/TiO 2 , with total oxygenate productivities coming to exceed the calculated equilibrium DME or MeOH yields at elevated temperatures. 39 However, DME selectivity decreased significantly at temperatures of >300°C
. This suggests that methanol undergoes additional reactions at elevated temperatures, for example catalytic cracking or coking. 46 In general, the composite PdZn/TiO 2 -ZSM-5 bed Figure 8 . Catalytic performance of 5% PdZn/ZSM-5 in hydrogenation of CO 2 to DME over 11 h. (blue □ ) CO 2 conversion, ▲ CO selectivity, (red ■ ) selectivity DME, (green ◆ ) MeOH selectivity.
Industrial & Engineering Chemistry Research
Article afforded higher oxygenates yields across the temperature range studied than did PdZn/ZSM-5 ( Figure 7 ). This might be attributed to occupation or blocking of Brønsted acid sites when PdZn is deposition onto ZSM-5 via CVI. PdZn might also restrict access of methanol to the ZSM-5 micropores. As shown in Table 1 , a decrease in mass-normalized BET surface area and pore volume is observed following deposition of PdZn on H-ZSM-5. This is consistent with the total metal loading (20 wt %, 5% Pd, 15% Zn). A corresponding decrease in acid site density was observed in NH 3 -TPD studies in Figure 5 . On the other hand, the composite, physically mixed PdZn/TiO 2 -ZSM-5 catalyst avoids this effect, with the zeolite's acid site density unaffected. This indicates that while the methanol synthesis and solid acid catalysts must be in a close proximity, to allow for diffusion of the methanol to acid sites, there is no apparent restriction of methanol diffusing from the surface of PdZn/TiO 2 to acid sites in nearby H-ZSM-5 crystallites. The average PdZn diameter observed for 5% PdZn/ZSM-5 (5.5 nm) is significantly larger than that of the analogous TiO 2 catalyst (3.9 nm). Given that previous studies on PdZn/TiO 2 and Pd/ZnO have highlighted a positive relationship between decreasing PdZn particle size and increasing CO 2 hydrogenation rates, 23 ,24,47 a decrease in the average particle size of ZSM-5-supported PdZn species might be expected to yield increased catalyst productivities. 
■ CONCLUSIONS
In the current study, the catalytic activities of supported PdZn alloy catalysts have been assessed. Through deposition of PdZn onto a solid Brønsted acid; ZSM-5, or mixing and copelleting of PdZn/TiO 2 and either H-ZSM-5 or Al 2 O 3 enhanced CO 2 conversions might be achieved. Indeed, a mixed bed comprising 5% PdZn/TiO 2 -ZSM-5 exhibited high CO 2 conversion of 11% and selectivity toward DME of 32% at a reaction temperature of 270°C and 20 bar pressure. At reaction temperatures of >270°C , observed total oxygenate yields exceeded those expected, based upon previously reported thermodynamic equilibrium yields of DME or MeOH. The catalytic performance of mixed PdZn/TiO 2 -ZSM-5 is broadly superior to that of PdZn/ZSM-5 catalysts and this difference is ascribed to blocking of crucial Brønsted acid sites when PdZn is directly supported upon the zeolite surface, which also leads to decreased mass-normalized BET surface area as deposited metals account for 20 wt % of the PdZn/ZSM-5 catalyst.
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